The chemical enrichment/ordering of solute atoms in Mg matrix are crucial to understand the formation mechanism of long-period stacking ordered (LPSO) structures. In this study, three-dimensional distribution of solute elements in an Mg-Zn-Gd alloy during ageing process is quantitatively characterized by three-dimensional atom probe (3DAP) tomography. Based on the radius distribution function, it is found that Zn-Gd solute pairs in Mg matrix appear mainly in two peaks at early stage of ageing and the separation distance between Zn and Gd atoms is well rationalized by the first-principles calculation. Moreover, the fraction of Zn-Gd solute pairs increases first and decreases subsequently due to the precipitation of LPSO structures. Moreover, the composition of structural unit in LPSO structure and the solute enrichment around it are quantified. It is found that Zn and Gd elements are synchronized in the LPSO structure, and solute segregation of pure Zn or Gd is not observed at the transformation front of the LPSO structure in this alloy. In addition, the crystallography of transformation front is further determined by 3DAP data.
Introduction
Magnesium alloys are known as the lightest metallic materials for structural application, and thus are attractive to applications in transport system to save the energy consumption by reducing the body weight. However, their applications are limited by their relative low mechanical properties at both room and elevated temperatures and poor corrosion resistance [1] . Recently, a new promising strengthening phase, namely long-period stacking ordered (LPSO) structure, has been found in Mg-Zn-Y and Mg-Zn-Gd alloys [2] [3] [4] [5] [6] [7] [8] . This kind of LPSO structure could be also found in Mg-M-RE (M: Zn, Al, Cu, Ni, or Co, RE: Y, Gd, Tb, Dy, Ho, Er, Tm) alloy systems [9] [10] [11] [12] [13] [14] .
The LPSO structure has a lamellar structure paralleling to (0001)  basal plane as shown in Fig. 1(a-b) , within which four-layer-height fcc structural units (SU for short hereafter, and ABCA stacking ordered SU is highlighted by grey color in Fig. 1 ) are separated by several Mg layers (hcp structure) depending on the specific structures [14] [15] [16] . The hcp structure could be transformed into fcc SU by gliding of a <10-10>  /3 partial dislocation as schematically shown in Fig. 1(c) . The common LPSO structures 10H, 18R, 14H, and 24R correspond to the intermediate Mg layers of 1, 2, 3 and 4 layers, respectively [15, 16] , where the symbols for the LPSO structures are Ramsdell's notation. The SUs in LPSO structure usually synchronize with chemical order/enrichment of RE and M [17] [18] [19] , and it is proposed to contain ordered distributed TM 6 RE 8 clusters with L1 2 type structure [12, 18] . The composition of LPSO structures locates around a line with a M:RE ratio as 3:4 in ternary phase diagram due to the TM 6 RE 8 clusters in SU, thus theoretical composition for 14H LPSO structure is deduced to be Mg 35 TM 3 RE 4 [18, 20] , however the measured composition often lower than the theoretical value [12, 18] . The inconsistency could be explained by the existence of domain structures of L1 2 clusters in the SU/LPSO [21] [22] [23] . Comparing to the crystal structure of LPSO structures, the understanding of transformation mechanism of LPSO structure in crystalline Mg matrix is still unsatisfied [24] [25] [26] [27] . The LPSO structure in Mg-M-RE alloy is divided into two types depending on the formation conditions [8, 9] . The LPSO phase formed during casting procedure is classified as Type I alloy, while the LPSO phase only generated by subsequent heat treatment after casting is defined as Type II alloy in literature. Likubo et al. [28] shows that it probably dues to different spinodal decomposition temperature according to the thermodynamic calculation, and Type II alloy has lower decomposition temperature comparing to Type I alloy. With lower spinodal decomposition temperature, the diffusivity of atoms is not high enough for the transformation, thus LPSO transformation could not be found in the Type II alloy in as-casted condition. Nevertheless, the composition modulation in LPSO phase is thought to be due to the spinodal decomposition during solidification or the subsequent heat treatment.
Meanwhile, theoretically speaking, the transformation sequence of structure change and solute enrichment could vary during formation a fcc SU according to Fig. 1(c) , therefore, two possible mechanisms for LPSO formation are possible in crystalline Mg matrix [26, 27, 29] , which is schematically shown in Fig. 2 . The first mechanism is that the solute atoms often segregate to the dislocations, and this segregation will assist the nucleation of SU, i.e. the structure transformation from hcp to fcc by dislocation dissociation as shown in Fig. 2(a) , since the segregation of solute atoms M and RE could lower the stacking fault energy. The second mechanism is that the chemical modulation or cluster takes in first place shown in Fig. 2(b) , and then stacking fault forms, and this procedure is repeated for other SUs. Therefore, the cluster behavior in Mg matrix is crucial to distinguish these two processes.
Experimentally, the co-segregation of Zn and Y atoms in Mg-Zn-Y (Type I) alloy, so called Guinier-Preston (G.P.) zone, is observed by high angle annular dark field (HAADF) scanning transmission electron microscopy (STEM) and STEM-EDS [30] .
Similar results are found in Mg-Al-Gd (Type I) alloy [25, 29] and Mg-Zn-Gd (Type II) alloy [31] . These results may support the concept of spinodal decomposition, since the formation [25] . The situation in other alloy system especially for early stage of LPSO formation is unclear. Therefore, the cluster behavior between solute atoms in early stage of ageing should be investigated. and it has been used in analyzing the precipitation in Mg alloys, such as precipitates in
Mg alloy [32, 33] and clusters in matrix [34, 35] . In this study, the cluster behavior during ageing of Mg 97 Zn 1 Gd 2 alloy will be statistacally investigated by 3DAP.
Although Nie et al. have observed Zn and Gd cluster tendency in a Mg-Zn-Gd alloy, metastable  phase is formed before the formation of SU () [34] . On contrary, in present study with different alloy composition, SU directly precipitates from the matrix without precursor phase.
EXPERIMENTAL PROCEDURE
Since Mg 97 Zn 1 Gd 2 alloy is a Type II alloy, there are little LPSO pre-exist in the as-casted sample, moreover ageing of the sample after solution treatment would precipitate precursor  phase other than LPSO SU at such temperature [34, [36] [37] [38] , thus direct ageing of cast sample is carried out at 280 °C for 15min and 1h. In 3DAP technique, the atoms in the needle-like sample are evaporated one by one by the evaporation field due to curvature. The spatial resolution is anisotropic in 3DAP, and the resolution along the needle axis is the best, which is smaller than 0.25nm (spacing between basal plane). Therefore, in order to observe the chemical distribution for LPSO structure, the needle axis should be closely paralleling to (0001)  plane to reach highest resolution. Therefore, we find proper grains with the aid of electron backscatter diffraction (EBSD) system (TSL, EDAX). The procedure for preparing a 3DAP sample within Mg matrix is shown in Fig. 3(a-f) Fig. 4(a-b) shows the 3DAP result of Mg-Zn-Gd for as-casted sample and aged sample for 1h at 280 C respectively. Only the element mapping of Zn and Gd atoms are shown here, where Gd atoms are shown by green color while Zn atoms are shown by blue colors. In Fig. 4(a) , there are no precipitates found in the Mg matrix in the as-casted sample. Table 1 shows the composition in Mg matrix in as-casted state.
RESULTS AND DISCUSSION
Comparing to solution treated sample at 520C for 2h, Zn and Gd contents in as-casted sample is more dilute, and Gd/Zn ratio is also low. This composition difference may cause different precipitation before and after solution treatment. The precipitation in solution treated sample is mainly , while the precipitates in as-casted sample is SU () [31] . Therefore, in order to directly study Zn-Gd clusters before the precipitation of SU, direct ageing of as-casted sample is investigated in this study.
In Fig. 4(b) , obvious enrichment of solute atoms is found after ageing. According deduced from perfect LPSO structure from Egusa et al [5] . Based on the compositions, it could be further confirmed the precipitates in present study are SUs here, since the contents of Zn and Gd of  phase is near 15 at. % while SU has lower Zn and Gd content [34, 39] . Considering of the composition variations in SUs in Fig. 5(b) , it could be deduced that the solute atoms in SU may be enriched further during ageing.
Taking the left two neighboring SUs in Fig. 5(b) for example, the size of SU in left side is smaller than right one according to Fig. 4(b) , and probably the left SU is formed late. Correspondingly, the composition of Zn and Gd in left SU is lower than right one. 3DAP tomography, the solute clusters within the matrix could be further analyzed. Fig.   6 shows the evolution of the clusters between Zn and Gd during ageing. The cluster tendency between Zn and Gd in matrix is evaluated by the radial distribution function.
For calculating the radial distribution function, it calculates the number of Gd atoms in a shell of width Δr = 1 Å at distance r with a given atom Zn, and the number is normalized with average density. For random distribution, the density should be 1, and any deviation from 1 will indication a cluster or separation tendency. This method is effective for small clusters [40] . According to Fig. 6 , it is found that Zn and Gd atoms have the tendency to stay together to be a cluster, because the normalized density is higher at smaller separation distance. At the early stage of ageing, the shortest clustering distance between Zn and Gd atoms is about 0.2~0.4 nm according the radial distribution between those atoms, which is close to the lattice parameter of Mg matrix in base plane (0.32 nm). Furthermore, a high frequency at the distance of around 0.8~1 nm is recognized, which may indicate some correlation between clusters.
As ageing is prolonged, the SUs form, and the cluster tendency between Zn and Gd atoms is weakened, which may due to the precipitation of SU and LPSO structure.
According to the first-principle calculation by Kimizuka et al [41] , the binding energy of different atomic pairs in matrix varies at different nearest neighbor (NN) as shown in Table 2 . The different NN is schematically shown in Fig. 7 . For Zn-Gd pair, they are preferred at short NN, and may correspond to the 0.2-0.4 nm peak in Fig. 6 .
The near 1.0 nm peak may correspond to the distance between different L1 2 clusters after formation of the SU [42] . Therefore, the solute atoms have the tendency to form Zn-Gd clusters in the Mg matrix before the formation of SU. Next, the solute enrichment near the interface between SU and Mg matrix will be studied.  can be easily found at the detector event histogram which is due to the aberration evaporation near zone axis [43, 44] . The superimposition of detector event histogram and stereographic projection is shown in Fig. 9 , and the aberration traces are along <1-100>  direction. Therefore, the traces in Fig. 8(a) are along <1-100>  direction according to Fig. 9 . The <1-100>  direction is frequently observed in our case, though the edge of transformation front along <11-20>  direction is also observed, which is consistent with TEM study [45] . The variation of composition normal to the edge of transformation front, i.e. along the arrow direction in Fig. 10 (b) , is shown in Fig. 10 
CONCLUSIONS
The chemical enrichment of solute atoms in Mg matrix and LPSO structure in Mg 97 Zn 1 Gd 2 has been studied by 3DAP for different ageing time.
(1) According to the radial distribution between Zn and Gd in Mg matrix, solute atoms Zn and Gd tend to be cluster at first nearest neighbor and decreases with ageing time due to precipitation. The cluster behavior could be rationalized by the binding energy between Zn and Gd atoms. Chemical modulation/cluster first without structure change. 
